| INTRODUC TI ON
Chlamydia trachomatis (C trachomatis) infections are the most prevalent bacterial sexually transmitted infections (STI) worldwide: WHO estimated 130.9 million new cases in 2012. 1 The health burden of C trachomatis infections is high due to its asymptomatic course in up to 80% of women and 50% of men. 2, 3 In women, unnoticed and thus untreated urogenital C trachomatis infections can lead to severe complications such as pelvic inflammatory disease (PID), ectopic pregnancy and tubal factor infertility (TFI).
Chlamydia trachomatis infections are most prevalent in young adolescents, but complications such as TFI can become evident more than 10 years later when these women fail to conceive and present with infertility. By that time, the C trachomatis bacterium has been cleared by the immune system, and C trachomatis DNA is not detectable any more by PCR. Serum C trachomatis IgG antibodies however may remain detectable for many years after infection, even after antibiotic treatment. 4 In Dutch fertility clinics, serological chlamydia antibody tests (CAT) are used in infertile women as markers of a previous C trachomatis infection and to estimate the risk of TFI. Based on CAT,
high-risk patients for TFI might be referred for invasive diagnostic testing (eg laparoscopy), whereas in low-risk patients, less-invasive procedures (eg hysterosalpingography) might be preferred or it may be decided to refrain from further testing.
The predictive value for TFI of the currently most frequently used CAT is poor, with a negative predictive value (NPV) of 74%-90%
and a positive predictive value (PPV) for TFI of 32%-63%. [5] [6] [7] These poor predictive values of the CAT are due to the fact that CATs are designed to detect C trachomatis antibodies and not TFI. In clinical practice, false-positive CAT results may lead to unnecessary laparoscopies in women without TFI, and false-negative CAT results may cause delay in diagnosis and treatment in women with TFI.
The CAT that is most frequently used in Dutch fertility clinics is the mono-target Medac C trachomatis IgG ELISA plus, which is a MOMPpeptide-based assay. This enzyme-linked immunosorbent assay (ELISA) detects antibodies against het major outer membrane protein (MOMP)
on the C trachomatis cell surface and is considered as species specific with a minimal cross-reactivity with Chlamydia pneumoniae antibodies.
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MOMP is an immunodominant protein that is involved in maintaining rigidity of the chlamydial membrane, attachment to the human epithelial cell and functions as a pore to provide the bacterium with nutrients once it has invaded the human cell. [8] [9] [10] A previous study compared the predictive value for TFI of the Medac ELISA plus (Medac GmbH, Wedel, Germany) with a multi-target Mikrogen ELISA and immunoblot. 7 This multi-target ELISA detects antibodies directed against MOMP, translocated actin-recruiting phosphoprotein (TARP; involved in the internalization of Chlamydia into the host cell) and chlamydial protease-like activity factor (CPAF; involved in host and bacterial protein regulation and bacterial survival), all immunodominant C trachomatis epitopes.
Even though the multi-target ELISA detects a broader spectrum of C trachomatis IgG antibodies, no significant improvement of the predictive value for TFI was found. 7 The disadvantage of a multi-target ELISA is that it does not allow differentiation of C trachomatis IgG antibodies against different antigens, and thus, it remains unclear which antibodies are positive in one well. It is hypothesized that certain C trachomatis IgG antibodies are more predictive for TFI than others. For example, chlamydial heat shock protein-60 (HSP60) and CPAF have been found to be more prevalent in women with TFI as compared to fertile women. 6, 11, 12 Therefore, analysing the presence and composition of individual antibodies in infertile women is of great importance.
The Mikrogen immunoblot detects C trachomatis IgG antibodies directed against MOMP, TARP, CPAF, cHSP60 and outer membrane protein 2 (OMP2), which are immunodominant C trachomatis proteins.
The benefit of an immunoblot is that it allows differentiation between the C trachomatis IgG antibodies in the serum. Although previous research showed that ELISAs have a higher sensitivity than immunoblots, the specificity of the immunoblot is higher than the ELISA. 13, 14 However, there is no significant difference in the NPV and PPV of 
| ME THODS

| Sample collection and definitions
The study was performed in Dutch Caucasian women, between the age of 18 and 41, who visited the fertility clinic of the University Medical Center Groningen (UMCG) between 2007 and 2013 because of infertility (ie not having conceived after at least 1 year of unprotected intercourse). As part of the fertility workup, blood was drawn in all women and CAT (Medac ELISA plus) was determined.
All spare sera were cryopreserved in −20°C. After excluding couples with severe male factor infertility, CAT-positive women were referred for laparoscopy with tubal testing. In CAT-negative women, hysterosalpingography (HSG) was performed, and when tubal occlusion or intra-abdominal pockets were seen on HSG, patients were referred for laparoscopy to verify the presence or absence of TFI. In women with bilateral patent tubes on HSG, no additional testing was done because of the high NPV of HSG. 16 Only women with available CAT results and who had undergone HSG and/or laparoscopy were Of the 158 women included in this study, 33 (20.9%) had TFI.
The others were defined as controls. Within the TFI groups, no patients had TFI 1, 11 patients had TFI 2, 14 patients had TFI 3, and 8
patients had TFI 4. 
| Serological methods
| Ethical approval
Women attending the UMCG fertility clinic between 2007 and 2013
were offered a broad "no objection" procedure. The participating women declared no objection for the use of their anonymized medical data and spare serum samples. This study was approved by the medical ethical board of the VU University Medical Center in Amsterdam.
| Statistical analyses
Frequencies of TFI patients identified with the decision rules are presented in Table 1 . The Wilcoxon-Mann-Whitney test was used to assess the mean difference in the distribution of the individual antigen titres between TFI patients and controls. A P-value < 0.05 was considered significant. Corrections for multiple testing were done with the Holm-Bonferroni test. Analyses were done using R version 3.4.4.
| Algorithm for an optimal prediction rule
In order to identify the optimal prediction rule to discriminate TFI patients from controls, we developed a greedy algorithm that explores the set of all possible combinations of parameters (MOMP, TARP, CPAF, HSP60 and OMP2). Within each subset of parameters, the algorithm checks for all possible combinations of logical operators (ie "and" and "or"). The number of subsets of a given size k in a set of n elements is given by
logical operators, and the number of possible combinations is 2 k−1 .
The total number of combinations tested is therefore given by
In our case, n = 5 and the total number of combinations tested is 3165.
For each subset with specific logical operators, we searched for an optimal cut-off for each parameter. The search was done based on the empirical values measured for each parameter. The resulting prediction rule includes the parameters to include, their corresponding cut-offs, and the logical operators to bind them together.
A greedy algorithm keeps the best solution after each iteration. Therefore, it is usually computationally intensive and often requires heuristics. In our case, since there was only a small number of parameters (n = 5), we were able to calculate all the possible options. The optimal prediction rule was defined as the rule that could maximize the number of true positives with an additional constraint such that the ratio of false to true positives detected does not exceed 20%. The algorithm was performed using R version 3.4.4.
| RE SULTS
| Individual antigens
The distribution of the CPAF, HSP60, MOMP, OMP2 and TARP antigens as observed in this study is presented in Figure 2 . Significant
differences in the distributions of antigen titres between TFI patients and controls were observed for CPAF (P = 0.0021), HSP60 (P = 0.0061), MOMP (P = 0.0497) and OMP2 (P = 0.0016).
After Holm-Bonferroni correction for multiple testing, CPAF (P adj. = 0.0084), HSP60 (P adj. = 0.018) and OMP2 (P adj. = 0.008) remained significant. As can be seen in Figure 2 , due to the overlap in antigen titres, none of the individual antigens can distinguish between TFI patients and controls by itself.
| Combined antigens
We employed a greedy algorithm to create a prediction rule to dis- 
Total TFI 33
CPAF, chlamydial protease-like activity factor; HSP60, heat shock protein-60; MOMP, major outer membrane protein; NPV, negative predictive value; OMP2, outer membrane protein 2; PPV, positive predictive value; TFI, tubal factor infertility. NB: The immunoblot was never designed to primarily detect TFI.
positives," for example if the "false positive" cut-off is 20% and the algorithm identifies 10 TFI cases, then no more than 2 "false positives" are allowed (Table 1) .
By allowing the algorithm to include more non-TFI patients ("false positives"), the algorithm is able to include more true TFI patients resulting in almost doubling of the sensitivity, with only a slight reduction in specificity. Slight increases were observed in the NPV, the accuracy and the clinical utility indices (Table 1) .
Change in the maximum allowed percentage of "false positives" also changes which combination of antigens is the best predictor for TFI.
When analysed with the recomScan, the immunoblot results have a higher sensitivity (57.6%) compared to the algorithm outcomes in this study, but at a cost of increase in "false positives." The algorithm outcome performs better in specificity, PPV, accuracy and clinical utility index.
Setting the algorithm to allow no "false positives" to be included, this still resulted in antigen cut-offs that would identify 18.2% of all TFI cases in this study with a 100% certainty (CPAF > 9.5 or HSP60 > 3.9; Table 1 ). When up to a maximum of 30% "false positives" were allowed (cut-offs: CPAF > 10.7 or OMP2 > 3.9; Table 1), 33.3% of all TFI cases in this study could be identified. However, of all patients that would be considered positive at these antigen cut-off levels, 21.4% would be "false positive," that is not have TFI.
As Table 1 shows, all different prediction rules produced by the algorithm include CPAF. TARP was not included in any of the decision rules.
The majority of the TFI cases identified by both the original immunoblot results (as analysed with the recomScan) and the greedy algorithm in this study are the severe TFI cases (either TFI 3 or TFI 4), 17 for the recomScan 78.9% and 81.8%-83.3% for the greedy algorithm (Table 2 ). Most (7/8) of the most severe cases (TFI 4) with occlusions of both fallopian tubes could be identified when the cut-offs of CPAF > 10.7 or OMP2 > 3.9 were used ( Table 2 ).
| D ISCUSS I ON
This proof-of-principle study researches the contribution of separate types of antibodies in the prediction of TFI, in order to create a predictive value of CAT for TFI. Also, combinations of antibody titres and adjustments in cut-off values to increase the clinical predictive value of CAT for TFI are studied.
Significant differences between antigen levels in TFI patients
and controls were observed, however with these differences no clear distinction could be made between TFI patients and controls (Figure 2 ), meaning that single antigens cannot be used to identify TFI patients. In this study, we showed that with the adaptation of the original recomScan decision rule, we were able to correctly identify 18% of the TFI patients included in this study, with 100% specificity (Table 1 ). The adapted decision rule that identifies 18% of TFI patients is "CPAF > 9.5 or HSP60 > 3.9." The sensitivity of this decision rule can be increased to detect more TFI patients (up to 33%), however this would slightly lower the specificity (100%-97%), resulting Table 1 ). In this case, most of the most severe TFI cases (TFI 4) would be included (7 out of 8; Table 2 ). Due to overlap in titres between the antigens (Figure 2) between TFI patients and controls, we were not able to further distinguish between TFI patients and controls.
Initially, the Mikrogen immunoblot was not developed for the prediction of TFI, but our results show the proof of principle that changing the cut-off values of the immunoblot can be used to increase identification of TFI patients with a high certainty. This also means that this assay can be used as a regular CAT with the added benefit of being able to predict TFI. Depending on the use of the decision rule in a clinical setting, changes in the decision rule can be made either to optimize specificity or to increase sensitivity. As can be seen in Table 1 , with adjustments in the decision rule sensitivity, specificity, negative and positive predictive values change. With the decision rule "CPAF > 9.5 or HSP60 > 3.9," the sensitivity is relatively limited, but the specificity is high. When implementing such algorithm into the fertility workup, this would mean that the physician could decide to immediately refer these patients to IVF treatment without further testing, reducing the time to IVF and diagnostic costs for these patients.
If such decision rule would be implemented, decisions on how such rule should be used in the fertility workup should be made. The current decision rule identifies a few TFI patients very specifically. This is also reflected in the clinical utility indices. The clinical utility index was developed to incorporate both occurrence of an outcome (eg positive Chlamydia serology) and discrimination of the test. 19 Our decision rule has a high negative clinical utility index of 82.2%-83.1% which means that is able to accurately exclude most of the TFI-negative patients. 19 The positive clinical utility index is low (18.2%-26.2%) which means that the decision rule is not able to accurately identify all TFI patients, but those that are identified are identified with high certainty. Fertility clinicians will have to choose whether identification of as many TFI patients as possible or identification of fewer TFI patients but with 100% certainty is preferred. When the immunoblot is implemented instead of the current CAT ELISA, then one test would give information on the Chlamydia serology (with the manufacturer's algorithm), but will also give additional information on the likeliness of TFI when the cut-offs from our study are applied to the same antibody measurements. One test would therefore yield more information than the current CAT ELISA.
It should be kept in mind that not all TFI is caused by previous C trachomatis infections and that this decision rule is based on C trachomatis serology. Therefore, some TFI patients will not be detected by this decision rule and this decision rule can therefore not fully rule-out TFI. For patients who are negative with this decision rule, additional diagnostics remain advised. Due to the low sensitivity of TA B L E 2 Distribution of severity of TFI in identified TFI patients. TFI classification according to Land et al. 17 The majority of the TFI cases identified by both the original immunoblot results and the adapted cut-offs defined in our decision rule are the most severe TFI patients the decision rule, it cannot be used as a screening test; however, the high specificity of the decision rule makes it valuable detection of TFI patients when the rule is applied.
The sensitivity, specificity, PPV and NPV of the decision rule are higher than the algorithm of the Mikrogen immunoblot studied previously within the same study population. 15 This was expected since the decision rule is made on this study population.
We observed that in all decision rules generated with our greedy algorithm, CPAF antibody levels were included, while TARP was not discriminative enough in any of the decision rules.
This is in concordance with the study of Graspeuntner et al and CT443 that distinguish women with TFI from fertile women, who had at least one live birth and normal pelvic findings at laparoscopy, with a detection sensitivity of 63% and a specificity of 100%.
However, the same combination of antigens also reacted with sera from STI patients. Even though our decision rule does not have such high sensitivity, we found a high specificity of HSP60 in the detection of TFI. Some antigens used in the study of Budrys et al are not
commercially available yet, but combining the antigens found by One of the strengths of this study is the well-defined study population that all underwent tubal patency testing after CAT. The TFI cases have been diagnosed with laparoscopy which is the reference test for detection of TFI.
The Mikrogen immunoblot was developed for the detection of C trachomatis and not for the detection of TFI specifically. The test was therefore never validated in an infertility population. However, this study shows the proof of principle that by adapting the cut-off values of the test without further altering the actual test itself, we were able to improve prediction of TFI patients in our study population. Our study population is relatively small and has a high prevalence of TFI and may therefore not be fully representative for a population in a clinical infertility setting. For clinical use, these results should be validated in a larger cohort.
Since the Mikrogen Immunoblot was not developed for the detection of TFI, the use of the statistical terms sensitivity, specificity, negative and positive predictive values is not fully correct in this study; however, the underlying statistical principles remain the same and these terms are familiar to most readers making the interpretation of our outcome easier.
The greedy algorithm used in this study cannot be used in a large data set with a large number of parameters due to its computational complexity which results in very long analysis time. To improve analysis times, heuristics can be developed.
This study is a proof of principle that certain combination antibodies in serum are predictive for TFI and that a commercially available test can be adapted to predict TFI. The decision rule made in this study detects 18% of all TFI patients in our study with a 100% specificity. Validation of this decision rule in a larger cohort is needed before implementing of such model into fertility clinics is possible.
CO N FLI C T O F I NTE R E S T
Mikrogen recomLine C trachomatis immunoblot and recomScan software were provided free of charge by Mikrogen GmbH 
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